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We have determined that, in addition to its receptor-destroying activity, the influenza virus neuraminidase
is capable of efficiently forming virus-like particles (VLPs) when expressed individually from plasmid DNA.
This observation applies to both human subtypes of neuraminidase, N1 and N2. However, it is not found with
every strain of influenza virus. Through gain-of-function and loss-of-function analyses, a critical determinant
within the neuraminidase ectodomain was identified that contributes to VLP formation but is not sufficient to
accomplish release of plasmid-derived VLPs. This sequence lies on the plasma membrane-proximal side of the
neuraminidase globular head. Most importantly, we demonstrate that the antiviral restriction factor tetherin
plays a role in determining the strain-specific limitations of release competency. If tetherin is counteracted by
small interfering RNA knockdown or expression of the HIV anti-tetherin factor vpu, budding and release
capability is bestowed upon an otherwise budding-deficient neuraminidase. These data suggest that budding-
competent neuraminidase proteins possess an as-yet-unidentified means of counteracting the antiviral restric-
tion factor tetherin and identify a novel way in which the influenza virus neuraminidase can contribute to virus

release.

The influenza virus encodes the neuraminidase (NA) which
is responsible for cleaving terminal sialic acid residues off gly-
coconjugates on both the virus particle and the host cell,
thereby facilitating virus release (9, 46, 47). While this final
stage in the virus life cycle was clearly described many years
ago, virus-encoded and cellular factors involved in influenza
virus budding have yet to be clearly defined. Early studies
identified the matrix protein as the primary budding determi-
nant and suggested participation of the endocytic sorting com-
plexes required for transport (ESCRT) machinery (14, 15, 21,
22). While several papers reported this finding, two of them
were retracted, adding controversy to the role of M1 in virus
assembly (21, 22). Subsequent studies using a plasmid-driven
expression system showed that the hemagglutinin (HA) and
NA proteins represent the minimal requirements for the for-
mation of virus-like particles (VLPs) in 293T cells (7). In the
presence of HA, the enzymatic activity of NA, rather than the
protein itself, was sufficient for efficient particle release. Other
viral proteins expressed individually or in various combinations
were incapable of efficiently forming VLPs. Other findings,
however, suggested the existence of additional budding deter-
minants since WSN viruses containing undetectable amounts
of HA were present in the medium following infection at the
nonpermissive temperature with temperature-sensitive HA
plasma membrane transport mutants (48). In addition, VLP
production was detected following the coexpression of the viral
M1 and M2 proteins (62). Recently, Lai et al. published data
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demonstrating that sole expression of the NA is also capable of
efficiently forming VLPs (29). In their study, they tested the
budding competence of the NAs from the novel 2009 HIN1
strain, a seasonal HIN1 (A/Gansu/Chenguan/1129/07) strain,
and a highly pathogenic avian influenza virus H5N1 strain
(A/Cambodia/JP52a/2005). In addition, they demonstrated
that the budding capability of the NA is independent of its
enzymatic activity (29). In addition, the most recent publica-
tion in the field suggests that the M2 protein alone is capable
of substituting for the ESCRT machinery and is actually re-
sponsible for the “pinching off” process of budding (52, 53).
Taken together, these studies implicate HA, M1, M2, and NA
in the morphogenesis of influenza virus.

The budding of influenza virus appears to occur indepen-
dently of the canonical late domain motif pathways (6, 7). Viral
late domain motifs were originally identified in the HIV gag
polyprotein and are represented by short peptide regions that
recruit members of the ESCRT machinery (3, 17, 19, 26, 39, 41,
50). This machinery is normally involved in the morphogenesis
of the multivesicular body, a structure involved in the lysoso-
mal degradation of transmembrane proteins (23). Viral late
domains aberrantly recruit this machinery to the plasma mem-
brane to mediate budding (2, 37, 38). Oftentimes, as in the case
of many retroviruses, several late domain motifs are present at
different locations within the gag polyprotein (64). Since cer-
tain motifs tend to vary in importance in a cell-type-dependent
manner, this redundancy may allow efficient budding to occur
when the primary cellular pathway is absent or inefficient (12,
18, 33, 50). While the ESCRT machinery does not appear to be
involved in the budding of influenza virus, cellular factors are
still most likely required, since a Rab11-dependent pathway for
influenza virus budding was recently identified (5).

While most respiratory viruses encode an enzymatic func-
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tion to assist the release process, virus release factors are not
always enzymatic in nature. In the case of HIV, the small
accessory protein vpu enhances virus release without a known
enzymatic activity (27, 57, 59). It was found that the enhance-
ment of virus release mediated by vpu was due to the coun-
teraction of an interferon-inducible antiviral host factor,
BST-2, now renamed tetherin (45, 49, 61). If left unabated,
tetherin inhibits the release of HIV and other viruses, with
considerable evidence suggesting that tetherin actually forms a
proteinaceous link joining virions together or “tethering” them
to the host cell (25, 34, 44, 45, 49, 54). Vpu is able to mediate
downregulation of tetherin from the cell surface and in several
cases was shown to cause the degradation of tetherin (10, 11,
13, 43, 61). Vpu has also been shown to downregulate and
degrade the CD4 cell surface molecule, and its anti-tetherin
and CD4 downregulation functions are genetically separable
through point mutation (35, 55, 63).

When we discovered that a virus lacking the HA segment
completely was able to bud efficiently, we looked into a role for
the NA protein in influenza virus morphogenesis. Using a
plasmid-driven expression system in 293T cells, we are able to
confirm the data presented by Lai et al. and, in addition,
extend it to additional strains of the N1 and also the N2
subtype of NA. Furthermore, we identified a residue within the
ectodomain of NA that contributes to VLP formation but is
not sufficient to mediate the release of NA-driven VLPs. Gain-
of-function analysis with an otherwise budding/release-defi-
cient NA suggested that VLP production with this mutant was
blocked at the stage of release. Upon further exploration of
factors that could inhibit the release of VLPs, we found that
the antiviral restriction factor tetherin was contributing to the
observed phenotype. Counteraction of tetherin by small inter-
fering RNA (siRNA) knockdown or expression of the HIV-
encoded tetherin antagonist vpu rescued the budding and re-
lease of otherwise budding-incompetent NA. These data
suggest that budding-competent NA proteins possess the abil-
ity to counteract the antiviral factor tetherin and therefore
possess a redundant function in facilitating virus release.

MATERIALS AND METHODS

Cells, compounds, plasmids, viruses, and antibodies. MDCK and MDCK-HA
cells were maintained in minimum essential medium (Gibco) supplemented with
1X Pen/Strep and 10% fetal bovine serum (FBS). For the MDCK-HA cells,
hygromycin (200 pg/ml) was added to the cells occasionally to maintain selection
pressure (36). 293T cells were maintained in Dulbecco’s modified Eagle’s me-
dium (DMEM,; Cellgro) supplemented with 1X Pen/Strep and 10% FBS. HeLa
cells were generously provided by Dafna Bar-Sagi and maintained in DMEM
(Cellgro) supplemented with 1X Pen/Strep and 10% FBS. Cos-1 cells were
maintained in DMEM supplemented with 1X Pen/Strep and 10% FBS. They
were used for indirect immunofluorescence and thin-section electron microscopy
(EM), as they allowed improved visualization. The WSN luciferase virus has
been previously described and was grown on MDCK-HA cells (28). Plasmids
(pCAGGS) encoding the NA proteins of WSN/33, Udorn/72, and Hong Kong/68
were identical matches to the published GenBank sequences, while the Japan/57
wild-type (WT) NA differed at one amino acid (S367G) from the published
GenBank sequence (accession no. CY045806.1). Plasmids (pcDNA) for the
expression of tetherin, vpu, and the vpu 2/6 CD4 downregulation mutant were
kindly provided by Klaus Strebel. The antibodies used in this study included
rabbit anti-hexon (Abcam), which was used for the adenovirus loading control.
The rabbit anti-Flag polyclonal antibody (Sigma) and the goat anti-influenza
virus Singapore/57 N2 antibody (BEI resources) were used for immunogold
labeling and Western blotting. The rabbit polyclonal anti-PRS8 virus antibody,
mouse anti-WSN HA antibody 2G9, and mouse anti-WSN HA antibody 4B2
were generated in our laboratory (32). 2G9 was used for immunogold labeling of
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the VLPs, while 4B2 and the rabbit polyclonal antibody were used for Western
blot analysis. Fluorescence-activated cell sorter (FACS) analysis was performed
with the anti-N2 antibody mentioned above. The E10 anti-M1 and -M2 antibody
was generated in our laboratory and was described previously (4). The rabbit
polyclonal anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) loading
control antibody was purchased from Sigma. The tetherin-related antibodies
used included a rabbit anti-BST-2 antibody (kindly provided by Klaus Strebel)
and a rabbit anti-vpu antibody (kindly provided by the AIDS Reagent Program).
The secondary antibodies used included a donkey anti-goat fluorescein isothio-
cyanate (FITC)-conjugated antibody for FACS analysis and indirect immunoflu-
orescence. The immunogold secondary antibodies were purchased from Electron
Microscopy Sciences and included goat anti-mouse 15-nm gold-conjugated (1:
20) and goat anti-rabbit 6-nm gold-conjugated (1:25) antibodies for purified VLP
labeling. Anti-goat 12-nm gold-conjugated secondary antibodies were used for
thin-section EM analysis. Oseltamivir carboxylate (GS4071) was provided by
Gilead Sciences.

VLP generation and purification. Plasmids (pCAGGs, 3 pg/10-cm dish) for
the expression of influenza virus HA and/or NA, as indicated, were transfected
using Lipofectamine 2000 (Invitrogen) at a 2:1 Lipofectamine-to-DNA ratio
according to the manufacturer’s instructions. The tetherin VLP experiments
were performed with the following plasmid amounts per 10-cm dish (as indi-
cated): tetherin, 250 ng; WT vpu, 4.5 ng; 2/6 mutant vpu, 3 pg. For Western blot
analysis of VLPs, two 10-cm dishes were transfected and VLPs were harvested at
48 h posttransfection. EM analysis was performed with VLPs harvested from the
filtered supernatant (0.45 pm, polyvinylidene difluoride; Millipore) of three
10-cm dishes at 48 h posttransfection. For VLP purification, transfected cell
supernatants were layered onto a 30% sucrose-NTE (100 mM NaCl, 10 mM Tris
[pH 7.4], 1 mM EDTA) cushion and centrifuged at 25,000 rpm in a Beckman
SW28 rotor for 2 h at 4°C. The supernatants and cushion were then carefully
aspirated, and pellets were resuspended in a 1:1 mixture of radioimmunopre-
cipitation assay buffer (50 mM Tris pH[8.0], 150 mM NaCl, 1% NP-40, 0.5%
deoxycholate, 0.1% sodium dodecyl sulfate [SDS]) and 2X SDS sample buffer
(4% SDS, 150 mM Tris [pH 6.8], 50 mM dithiothreitol, 10% glycerol) for
Western blot analysis or NTE buffer in preparation for transmission EM pro-
cessing. Densitometric analysis was performed using an Alphaimager 3400 (Al-
pha Innotech).

Immunogold labeling, negative staining, and transmission EM. Virus/VLPs
were allowed to adhere to carbon-coated copper grids (Electron Microscopy
Sciences) for 15 min at room temperature (RT). Virus/VLPs were then washed
quickly with 1X phosphate-buffered saline (PBS; Gibco), diluted 1:10 in double-
distilled H,O, and stained with a 1% solution of phosphotungstic acid (pH 8.0)
for 30 s at RT. For immunogold labeling of the VLPs, the grids were blocked
with 3% bovine serum albumin (BSA) in PBS for 45 min after VLP adherence.
The grid was then incubated with a mixture of both primary antibodies (anti-Flag
antibody at 1 pg/ml and anti-HA antibody at 10 pwg/ml) for 45 min at RT. Grids
were then washed quickly three times with PBS and incubated with both gold-
conjugated secondary antibodies (15-nm gold-conjugated anti-mouse antibody
and 6-nm gold-conjugated anti-rabbit antibody) for 45 min at RT. After second-
ary-antibody incubation, grids were washed again three times with PBS, followed
by negative staining with 1% phosphotungstic acid. Transmission electron mi-
crographs were captured using a Hitachi 7000 electron microscope.

Thin sectioning and EM. Cultures grown on Aclar film in 6-cm tissue culture
dishes were fixed with 2% glutaraldehyde-1% paraformaldehyde in 0.12 M
sodium cacodylate buffer, pH 7.3 to 7.4, for 50 min at RT, postfixed with 1%
0s0,, stained en bloc with 1% uranyl acetate in H,O, dehydrated in an ethanol
series followed by propylene oxide, and embedded in Epon. Thin sections cut
parallel to the growth surface were stained with uranyl acetate and lead citrate
and viewed with a JEM-1200EX electron microscope (JEOL USA) equipped
with an AMT XR-60 digital camera (Advanced Microscopy Techniques) or a
FEI Tecnail2 BioTwinG? transmission electron microscope equipped with an
AMT XR-60 charge-coupled device digital camera system.

Confocal microscopy. Cells were plated on coverslips and fixed in 4% form-
aldehyde (Fisher) for 20 min. Permeabilization was done in 0.5% saponin for 15
min. The cells were stained with goat anti-NA antibody to detect NA and a
fluorescein isothiocyanate (FITC)-conjugated anti-goat secondary antibody.
Hoechst stain was used to detect the nucleus. All images were captured on an
inverted fluorescence/differential-interference contrast Zeiss Axiovert 200M de-
convoluting fluorescence microscope operated by AxioVision version 4.5 (Zeiss)
software. Ten to 20 optimal sections along the z axis were acquired in increments
of 0.4 pm. Captured images show the central section. The fluorescence data sets
were deconvoluted by using the constrained iterative method (AxioVision).

NA activity assay. The NA-star assay kit (Applied Biosystems) was used
according to the manufacturer’s instructions. Tissue culture supernatant contain-



2482 YONDOLA ET AL.

ing VLPs was diluted 1:50 in 50 pl of NA-star assay buffer. The transfected cells
were washed twice with cold PBS and collected in 1 ml of cold PBS. Cells were
then sonicated, and the lysate was diluted 1:50 in NA-star assay buffer. To these
samples, an additional 50 pl of assay buffer was added prior to the addition of 10
wl of substrate. The supernatant/lysate was incubated with the detection reagent
for 20 min prior to luminescence reading in a 96-well plate reader (Beckman
Coulter DTX880). Data were analyzed using the multimode analysis software
supplied with the plate reader.

Cell surface expression analysis. Transfected 293T cells used for VLP gener-
ation were processed at 48 h posttransfection. Cells were washed twice and
tapped off the plate prior to staining. Roughly 1 X 10° 293T cells were then
incubated for 1 h with the primary antibody (goat anti-Singapore/57 N2 NA
antibody, 1:100 dilution) in standard FACS buffer (3% BSA in PBS). Cells were
washed three times and then incubated with the secondary antibody (donkey
anti-goat FITC-conjugated antibody; Invitrogen) for 1 h. After secondary-anti-
body incubation, cells were washed three times with FACS buffer and fixed in 4%
formaldehyde in PBS prior to analysis.

Tetherin knockdown experiments. siRNA against tetherin (validated siRNA
against BST-2 [Hs_BST2_5]) and the scrambled custom-designed target se-
quence (5'-AAGGTAATTGCGCGTGCAACT-3") were described previously
(28) and were purchased from Qiagen. Adherent HeLa cells (3 X 10° cells/dish,
three dishes per condition) were cotransfected with the siRNA and the Hong
Kong/68 NA (36 pg/10-cm dish, three dishes per condition) expression plasmid
with a 2:1 Fugene 6/DNA ratio. The final siRNA concentration was 30 nM, and
an additional 15 pl of Fugene 6 (Roche) was added per dish for siRNA trans-
fection. The siRNA-resistant tetherin clone was generated by site-directed mu-
tagenesis to introduce five silent mutations into the targeted sequence of teth-
erin. The tetherin-resistant clone was transfected concurrently with the other
plasmids (1.5 pg/dish) where indicated (2:1 Fugene 6/DNA ratio). One dish was
lysed at 40 h posttransfection to determine tetherin knockdown efficiency. VLPs
were harvested at 60 h posttransfection and purified as stated above. BSA (0.1%)
and sodium bicarbonate (7.5%; 100 pl/dish) were added to the cells at 24 h
posttransfection.

RESULTS

The WSN luciferase virus, which does not encode HA, buds
with equal efficiency from MDCK-HA and MDCK cells. WSN
luciferase virus (HIN1 background) contains all of the influ-
enza virus segments except that coding for the HA. This seg-
ment is replaced with the coding sequence of Renilla luciferase
with flanking 5" and 3’ packaging sequences from the HA
segment to allow efficient incorporation into virions (28). This
virus is normally grown on an HA-complementing cell line
(MDCK-HA), allowing the incorporation of HA into the
virion. However, we noted that infection of MDCK-HA and
MDCK cells generated particles comparable in size and mor-
phology to influenza virus that could be pelleted through a
sucrose cushion. This observation indicated that virus was as-
sembled and released efficiently even though the HA was ab-
sent (Fig. 1A and B). To eliminate the possibility that the virus
preparation derived from the MDCK cells represented initial
input virus or potential contamination with the WT WSN virus,
the preparations were examined for viral proteins by Western
blotting. As shown in Fig. 1C, both preparations contained NP,
M1, and M2; however, only the virus produced from the
MDCK-HA cells contained the HA protein, indicating that the
virus produced in the MDCK cells does not represent WT
contamination or input virus.

NA forms VLPs efficiently in 293T cells. To further examine
the factors that contribute to HA-independent release of
VLPs, NA was tested for its release competence when ex-
pressed individually from plasmid DNA. Due to their high
transfection efficiency and prior characterization for influenza
virus budding phenotypes (7), 293T cells were transfected with
plasmids encoding Flag-tagged WSN NA only or NA-Flag and
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FIG. 1. The WSN luciferase virus buds efficiently in the absence of
HA expression. Virus was isolated from MDCK-HA (A) or MDCK
(B) cells following infection and examined by EM as described in
Materials and Methods. (C) The virus preparations were analyzed by
Western blotting with anti-PR8 polyclonal (C1), anti-M1 and -M2
(C2), and anti-HA (C3) antibodies. The MDCK-HA virion prepara-
tion was treated with peptide N-glycosidase to demonstrate a degly-
cosylation shift in the HA protein. The values to the left of panel C1
are molecular sizes in kilodaltons.

HA. Previous studies showed that a C-terminally tagged NA
fusion protein is well tolerated (20). VLPs were harvested at
48 h posttransfection and purified over a 30% sucrose-NTE
cushion prior to Western blot analysis. As shown in Fig. 2A,
comparable amounts of VLPs were detected in the medium of
cells expressing WSN NA-Flag in the presence or absence of
coexpressed HA. Since Udorn/72 NA has been demonstrated
to be incapable of budding efficiently (7), we determined if
budding competency is specific to the N1 subtype by testing
two N2-containing strains, namely, the 1957 pandemic strain
(A/Japan/305/57) and the Udorn strain (A/Udorn/72). An
identical experiment performed with untagged N2 NAs dem-
onstrated that while the Udorn/72 NA was inefficient in VLP
formation (Fig. 2C), the Japan/57 N2 NA was able to form
VLPs efficiently in the absence of coexpressed HA (Fig. 2B). A
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FIG. 2. NA forms VLPs efficiently in 293T cells. 293T cells were
either left untransfected (mock) or transfected with the indicated plas-
mids. VLPs were harvested from tissue culture supernatants at 48 h
posttransfection and pelleted through a 30% sucrose-NTE cushion as
described in Materials and Methods. As a loading control for tissue
culture supernatants, equal amounts of WT adenovirus (d/309) were
added to each sample prior to centrifugation. The presence of adeno-
virus was detected by an antibody against the hexon protein compo-
nent of the capsid. Whole-cell extracts (WCEs) were also prepared and
analyzed. Panels: A, WSN virus HA and Flag-tagged NA; B, Japan/57
virus HA and NA; C, Udorn/72 virus HA and NA. GAPDH was used
as a loading control for WCEs. The values to the left of the blots are
molecular sizes in kilodaltons.

WCEs

densitometric analysis (NAy; p/NA| e Plus NAy;p) indi-
cated that the VLP release efficiencies of WSN, Japan/57, and
Udorn/72 NA were 0.98:1, 0.82:1, and 0.38:1 relative to the
respective HANA VLPs. To rule out the possibility that the
particles represented membrane blebbing due to NA-induced
apoptosis, annexin V staining of transfected cells was per-
formed. The level of staining was equivalent for mock-trans-
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fected and transfected cells, indicating that budding-competent
NA was not selectively triggering apoptotic blebbing (data not
shown). We conclude that certain NAs of both subtypes are
capable of forming VLPs independently of additional viral
factors.

HANA VLPs and NA VLPs appear similar. VLPs were pu-
rified by pelleting through a 30% sucrose cushion and exam-
ined by transmission EM. As shown in Fig. 3A (left), VLPs
from the Japan/57 H2N2 strain exhibited the morphology of
influenza virus whether assembled from HA and NA or from
NA alone. In contrast, the Udorn/72 H3N2 strain formed par-
ticles that resembled virions only upon HA coexpression with
NA (Fig. 3A, right). Similar results were obtained when the
WSN NA-Flag construct was coexpressed with WSN HA (Fig.
3B, top). While the average diameter of HANA VLPs and
NA-only VLPs was always the same (~140 nm), it was, on
average, 1.5 times the size of the particles in a purified virus
preparation. To confirm that the NA-only VLPs contained NA
protein, immunogold labeling was performed. The images at
the bottom of Fig. 3B represent purified VLPs containing
either the HA, the NA, or both viral glycoproteins. These
preparations were incubated with anti-HA and anti-Flag pri-
mary antibodies conjugated to secondary antibodies tagged
with either 6-nm (NA-Flag labeling) or 15-nm (HA labeling)
gold beads. As shown in Fig. 3B, while HANA VLPs were
labeled with both bead sizes (left), predominantly 15-nm gold
beads decorated VLPs from cells expressing HA alone (center;
released with soluble NA) (7) and 6-nm beads labeled VLPs
assembled using NA-Flag (right). Thus, NA assembles VLPs
that resemble authentic influenza virus particles.

The enzymatic activity of the Japan/57 NA is not required
for NA budding capability. VLPs formed by HA require the
enzymatic activity of NA for release. To determine if the en-
zymatic activity of NA played a role in the observed budding
competence, VLP assembly and release by Japan/57 WT NA
were examined in the presence or absence of oseltamivir car-
boxylate. In addition, a catalytically inactive mutant form pre-
viously shown to be properly localized and folded, W178L, was
also tested (30). As shown in Fig. 4A, Japan/57 WT NA VLPs
were released efficiently in the presence or absence of oselta-
mivir carboxylate at a concentration of 1 pM (Fig. 4A, com-
pare lanes 4 and 5). Control experiments confirmed that the
enzymatic activity was completely inhibited. (i) HANA VLPs
were not released in the presence of 1 wM oseltamivir carbox-
ylate (compare lanes 2 and 3). (ii) No enzymatic activity was
detected in the presence of oseltamivir carboxylate, based on
the NA-star assay (Applied Biosystems) (Fig. 4C). Since osel-
tamivir carboxylate does not penetrate the cell, we also dis-
rupted the NA activity through mutation. As shown in Fig. 4B,
VLPs formed from W178L NA were released as efficiently as
VLPs assembled from WT NA (compare lanes 3 and 4). We
conclude that the enzymatic activity of NA is not required for
VLP assembly and release.

Asp,g6 in the Japan/57 NA contributes to budding compe-
tency. Sequence alignment of the Udorn/72 and Japan/57 NAs
indicated differences at 39 positions. Assuming that any bud-
ding motif present in the Japan/57 NA would also be present in
the WSN/33 NA allowed a narrowing of potential amino acids
involved in budding to five. One of these positions lies within
a motif, YPX,3,® (where ® represents a hydrophobic amino



2484 YONDOLA ET AL.

A)  Japan/57 VLPs

500nm

NA only

500nm

HANA
B) HANA

WSN
VLPs

100nm

100nm

100nm

HANA

acid), demonstrated to be involved in retrovirus budding (51,
56). Specifically, while four out of five of these amino acids did
not resemble any late domain sequence, the Japan/57 sequence
(,84YPDV,g,) is almost an exact match to a late domain se-
quence present in the p9 protein of equine infectious anemia
virus (YPDL) known to interact with the AIP2 (ALIX)
component of the ESCRT machinery (8, 31, 51). Substitu-
tion of the Gly,g, residue found in the budding-incompetent
Udorn/72 NA for the Asp,g, residue in the budding-competent
Japan/57 NA generated a protein that was incapable of bud-
ding when expressed alone, even though it was expressed at
WT levels in the cell (Fig. 5A). This mutant NA, however,
exhibited WT enzymatic activity, as measured by the NA-star
assay (Fig. 5B); rescued release of HA VLPs at the level of
efficiency of the WT NA protein (Fig. 5C); and localized to the
cell surface appropriately, as indicated by FACS analysis (Fig.
5D). A similar YPDT motif is present in the WSN N1 NA from
residues 266 to 269. Mutation of the critical Asp residue in this
motif to alanine also eliminated the budding capability of the
N1 NA (data not shown). These results indicate that Asp,g, in
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FIG. 3. HANA VLPs and NA VLPs appear similar. (A) Purified VLPs were examined by negative staining and transmission EM. (B) Purified
VLPs were incubated with primary and secondary antibodies for the detection of both HA and the Flag tag prior to EM analysis. Secondary
antibodies were conjugated with either 6-nm (anti-Flag) or 15-nm (anti-HA) gold beads.

the N2 NA and Asp,eg in the N1 NA contribute to the release
of NA VLPs.

Replacement of Gly,g, with Asp confers partial budding
competence on Udorn/72 NA. To determine whether Asp,g,
was sufficient to direct NA VLP release, a “gain-of-function”
experiment was performed wherein Gly,g, was replaced with
an Asp residue in budding-incompetent Udorn/72 NA. A bud-
ding experiment was performed with this mutant, and no VLPs
were detected in the supernatant when either the WT or the
G,gD mutant NA was expressed in 293T cells (data not
shown). However, examination of Cos-1 cells by confocal mi-
croscopy indicated a potential gain-of-function phenotype.
Cos-1 cells were used for these experiments, since they are
larger and provide improved image quality over 293T cells. In
addition, a budding experiment was performed with these cells
that confirmed the strain-specific budding capabilities of the
NA (data not shown). While the WT Udorn/72 NA was pri-
marily localized adjacent to the nucleus with some staining at
the cell periphery (Fig. 6A and Al), the G,¢cD mutant NA
accumulated largely at the cell periphery (Fig. 6B). This dif-
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FIG. 4. The enzymatic activity of the Japan/57 NA is not required
for NA budding. (A) Transfected cells were incubated in the presence
or absence of oseltamivir carboxylate (1 wM). VLPs were isolated at
48 h posttransfection and analyzed by Western blotting. (B) Cells
transfected with plasmids for the expression of WT HA and NA, WT
NA alone, or W178L NA were isolated and analyzed by Western
blotting. It should be noted that the altered mobility of the mutant
reflects altered glycosylation due to the lack of NA activity. WCEs,
whole-cell extracts. (C) Supernatants and cell lysates from transfected
cells were analyzed for total NA activity using the NA-star assay kit for
the oseltamivir carboxylate (Oselt) experiment depicted in panel A.
RLU, relative light units. The values to the left of panels A and B are
molecular sizes in kilodaltons.

fered from what we observed with the Japan/57 WT and loss-
of-function D,¢,G mutant NAs. In the Japan/57 background,
the loss-of-function mutation had no effect on the NA cell
surface expression by FACS (Fig. 5D) or by confocal micros-
copy (Fig. 6C and D). Since the confocal data suggested a
gain-of-function phenotype, we observed the cells more closely
by EM. As expected, no WT Udorn/72 NA VLPs were de-
tected by thin-section EM (Fig. 7C). However, the G,gD
Udorn/72 mutant NA formed VLPs that accumulated at the
cell surface (Fig. 7D and E) but appeared entrapped in large
vesicular structures. This differed from results obtained with
WT Japan/57 NA (Fig. 7A), where VLPs were detected at the
plasma membrane in the process of release or for the release-
defective D,gG Japan/57 NA mutant, where no particles were
detected (Fig. 7B). In order to confirm that the VLP structures
trapped at the cell surface for the G,3,D Udorn/72 mutant
contained the NA, immunogold labeling was performed (Fig.
7E). We conclude that D, conferred the ability to assemble
VLPs at the plasma membrane. However, this determinant was
not sufficient for particle release, explaining why VLPs were
not detected in the medium.
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Tetherin inhibits NA VLP release in budding-incompetent
NAs, and this inhibition can be alleviated by expression of the
HIV tetherin antagonist vpu. Since the gain-of-function point
mutant of Udorn/72 demonstrated a deficiency at the stage
of release, we performed an experiment to determine if
modulation of the antiviral restriction factor tetherin could
alter NA budding capability. At this time, we began using
the Hong Kong/68 NA since it bears increased homology to
budding-capable Japan/57 yet still remains incapable of bud-
ding on its own. Tetherin/vpu expression levels were initially
set via an HIV VLP budding experiment conducted prior to
the influenza virus experiment (data not shown). Once ap-
propriate levels were established, 293T cells were trans-
fected with plasmids for the expression of HA, NA, and
either vpu or tetherin. VLPs present in the supernatant were
harvested at 48 h posttransfection as described above. Strik-
ingly, VLP release of the normally budding-incapable Hong
Kong 68 WT NA was accomplished by the coexpression of
vpu (Fig. 8A). Expression of vpu had a similar effect on the
release of the G,4,D Hong Kong/68 NA (data not shown),
while tetherin expression reduced budding below the inef-
ficient baseline (Fig. 8A). This was surprising, since we were
unable to detect tetherin expression in the 293T cells by
Western blotting. This is consistent with previous reports
demonstrating low tetherin expression in 293T cells (49).
Since tetherin expression was undetectable in 293T cells, we
also performed a competition experiment involving the co-
expression of both the tetherin and vpu proteins in addition
to the Hong Kong/68 NA. In these experiments, we also
tested whether a vpu mutant [vpu (2/6)] could accomplish
release of Hong Kong/68 NA VLPs. The vpu (2/6) mutant is
deficient in CD4 downregulation and was described previ-
ously (55). This mutant retains some ability to downregulate
tetherin (55). Once again, the expression of either the WT
vpu or the vpu (2/6) mutant rescued the release capabilities
of the Hong Kong/68 NA in spite of concurrent tetherin
overexpression (Fig. 8C). The increase in VLP yield was not
as pronounced in this experiment due to competition result-
ing from concurrent tetherin overexpression. A densitomet-
ric analysis of the Western blots in Fig. 8A revealed a 5-fold
increase in VLP yield for the expression of vpu without
tetherin coexpression (Fig. 8B). Coexpression of tetherin
and WT vpu or the vpu (2/6) mutant form resulted in a 1.6-
or 2.5-fold increase in VLP yield, respectively (Fig. 8D).
These data suggest that tetherin downregulation is the crit-
ical component of vpu-mediated NA budding enhancement
since the CD4 downregulation contribution can be elimi-
nated.

Knockdown of tetherin by siRNA transfection restores the
release phenotype in the Hong Kong/68 NA background. In
order to demonstrate that tetherin was specifically involved in
the observed phenotypes, we performed a knockdown experi-
ment with HeLa cells. HeLa cells were used in this experiment
because they contain high levels of endogenous tetherin and
are able to replicate the budding phenotypes we observed in
293T cells (data not shown). As shown in Fig. 9A, siRNA
knockdown of tetherin resulted in an increase in VLP yield at
60 h posttransfection. This increase was not observed when a
scrambled siRNA sequence was used (Fig. 9A). In order to
demonstrate that this result was a consequence of tetherin



2486  YONDOLA ET AL.
A ©
o
) RN
WP (¥
Japan/ 95
57 72
VLPs 55 Anti-NA
43
34
I Aoti-exon
' _ Anti-HA
©
%6
¥
Anti-NA
Anti-NA
Anti-HA
Anti-GAPDH

J. VIROL.

B)

NAstar Assay Activity
S 7
& 60000
& 50000
240000
E 30000
= 20000
10000
0
Mock WT D286G
123 4 5 67 8 9
D) WT
100
% 80
= 60
u— 40.6
o
b= 40
20
o
10° 10' 102 10® 10*
NA
D286G
100
% 8o
= 60
u— 40.3
\2 40
ST 20
o
10° 10" 102 10%® 10*
NA

Mock WT  D286G

FIG. 5. Asp,ge in Japan/57 NA contributes to budding competency. 293T cells were either left untransfected (mock) or transfected with
plasmids encoding HA and NA, NA alone, or the Asp,g,Gly mutant NA, and VLPs were isolated at 48 h posttransfection. Prior to centrifugation,
the same amount of WT adenovirus (d/309) was added to each sample for use as a loading control. (A) Western analysis. (B) NA activity (NA-star
assay) in the supernatant and cell lysate were combined to determine total NA activity. Cells transfected with the indicated plasmids were analyzed
at 48 h posttransfection. The lower part of the panel represents Western blot data to demonstrate NA (top) and GAPDH (bottom; loading control)
expression levels. RLU, relative light units. (C) Budding assay identical to that in panel A, except that the transfected samples contained WT HA
and either WT NA or the D286G NA mutant. (D) Cell surface expression of Japan/57 WT NA and Asp,g,Gly NA determined by FACS analysis.
The percentage of cells staining positive with the anti-NA antibody is indicated. The bottom of the panel demonstrates the expression levels of both
proteins as determined by Western analysis. The values to the left of the blots in panels A and C are molecular sizes in kilodaltons.

modulation, a clone was generated that was resistant to the
siRNA by site-directed mutagenesis. Silent mutations were
introduced at five locations in the siRNA target sequence. As
indicated in Fig. 9A, expression of this tetherin siRNA-resis-
tant clone is able to counteract the increase in VLP yield
observed upon tetherin knockdown. The tetherin knockdown
efficiency was determined to be 50% (Fig. 9B) based on den-
sitometric quantification of the tetherin signal in whole-cell
extracts (Fig. 9A) at 40 h posttransfection. These data demon-
strate directly that tetherin is capable of modulating the bud-
ding capability of the NA.

DISCUSSION

To date, the primary functions of the influenza virus NA
have been attributed to its enzymatic activity. These include (i)
the cleavage of sialic acid from influenza virus and infected
cells to facilitate virus release (46, 47), (ii) the enzymatic cleav-
age of tracheobronchial airway mucus to allow improved virus
penetration of the epithelial cell layer (40), (iii) enhanced
infectivity due to enhancement of endosomal traffic by the NA
upon entry (58), (iv) WSN-specific enhancement of trypsin-
independent cleavage of the HA by recruitment of plasmino-
gen (16), (v) the presence in some N2 NAs of an additional
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FIG. 6. Substitution of Asp for Gly,g, confers partial budding competence on the Udorn/72 NA. Cos-1 cells transfected with the indicated
plasmids were fixed at 48 h posttransfection and analyzed by confocal microscopy (A to D) as described in Materials and Methods. Panels A and
B represent the Udorn/72 WT and G,g,D mutant NAs. Panels C and D represent the Japan/57 WT and D,4,G mutant NAs. All NA proteins were

labeled with FITC-conjugated secondary antibodies.

hemadsorption site that has been shown to increase the cata-
lytic activity of the NA toward multimeric substrates (60), and
(vi) the fact that NA has also been shown to have an effect on
influenza virus virion morphology (24, 42, 65). The studies
reported herein and by Lai et al. demonstrate that several NAs
possess an additional function in their facilitation of budding
(29). This novel function is independent of the protein’s enzy-

matic activity. In addition, we demonstrate that modulation of
the antiviral restriction factor tetherin can accomplish the re-
lease of otherwise budding-incompetent NA VLPs. Therefore,
budding-competent NA proteins should contain an unidenti-
fied motif responsible for counteracting tetherin and a novel
means of enhancing virus release.

A densitometric comparison (NAy, p/NA plus NAy p)

Lysate
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FIG. 7. Substitution of Asp for Gly,gs confers partial budding competence on the Udorn/72 NA. Cos-1 cells transfected with the indicated
plasmids were fixed at 48 h posttransfection, embedded in Durcupan resin, and analyzed by thin-section EM (A to D). In panel E, the VLPs were
labeled with goat anti-Singapore/57 primary antibodies and 12-nm gold-conjugated anti-goat secondary antibodies. Open arrows indicate NA
protein labeled at the cell surface, while closed arrows indicate NA protein contained within trapped VLPs.

of the budding efficiency of HA alone (released with bacterial
NA) and that of HANA VLPs suggests that in strains with
budding-competent NA proteins, both the HA and the NA
contribute to VLP formation. In the WSN/33 background, the
budding efficiency of HA alone was only 56% of the budding
efficiency of HANA (data not shown). This discrepancy was

not as pronounced in the Udorn background, where the NA is
inefficient at the budding process. In this background, the bud-
ding efficiency of HA alone was 85% of the budding efficiency
of HANA (data not shown). This observation suggests that in
the WSN background, both the HA and NA proteins contrib-
ute equally to VLP formation. However, we cannot rule out a
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expression levels in the whole-cell extracts (WCEs) were determined
by Western blotting. (B) Quantification of the Western blotting results
in panel A performed by densitometric quantitation of the signal in
panel A using an Alphalmager 3400. Values are presented as percent
release, which was calculated by the following formula: % release =
[signal supernatant/(signal supernatant + signal cells)] X 100. The
percent release of HANA VLPs was set at 100%. (C) 293T cells were
either left untransfected (mock) or transfected with the Hong Kong/68
NA and either tetherin alone or tetherin and vpu (WT or 2/6 mutant).
VLP yield in the supernatant and expression levels in the whole-cell
extracts were determined by Western blotting. (D) Quantification of
the Western blotting results in panel C performed by densitometric
quantitation of the signal in panel C using an Alphalmager 3400.
Values are presented as percent release calculated by the following
formula: % release = [signal supernatant/(signal supernatant + signal
cells)] X 100. The percent release of HANA VLPs was set at 100%.
The values to the left are molecular sizes in kilodaltons.

decrease in the efficiency or specificity of the bacterial NA in
these experiments which is required for VLP release in the
absence of the influenza virus NA.

In this study, we found that aspartate residue 286 in the N2
NA and aspartate residue 268 in the N1 NA contribute to the
budding competency phenotype. However, this residue is not
sufficient to confer VLP formation on an otherwise budding-
incompetent NA. While the gain-of-function G286D pheno-
type observed appears to be an intermediate between budding
and release of the VLPs, no signal is detectable in the super-
natants of transfected cells in the Udorn background. Several
attempts were made to accomplish a complete gain of function
through Japan/1957-Udorn/72 chimeric NA proteins but have
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pendent budding. (A) HeLa cells were transfected with the Hong
Kong/68 NA, the tetherin-resistant clone (as indicated), and 15 nM
siRNA representing either a scrambled sequence or the anti-tetherin
validated siRNA (as indicated). At 60 h posttransfection, cell lysates
and supernatants were harvested and analyzed by Western blotting to
determine NA budding efficiency. One of the three plates was har-
vested at 40 h posttransfection to determine tetherin knockdown effi-
ciency. WCEs, whole-cell extracts. The values to the left are molecular
sizes in kilodaltons. (B) Quantification of tetherin knockdown effi-
ciency performed by densitometric quantitation of the tetherin signal
in panel A using an Alphalmager 3400. Values are presented as per-
centages of the value obtained by mock treatment, which represents
untransfected HeLa cells.

g Mock

proved unsuccessful to date. Furthermore, it is unlikely that
the relatively low enzymatic activity of the Udorn NA (data not
shown) explains its budding incapability for two reasons. First,
we are able to demonstrate that the budding capability is in-
dependent of the enzymatic activity. In addition, neither the
Udorn WT, the G286D mutant, nor the chimeric NAs gener-
ated demonstrated enhanced budding in the presence of exog-
enous bacterial NA (data not shown). It is likely that mutation
of several residues throughout the NA protein is required to
generate a gain-of-function mutant protein. Thin-section anal-
ysis by EM reveals a sequestration of the NA VLPs into large
vesicular structures. We demonstrated by immunogold labeling
that the VLPs contained within these vesicles do indeed con-
tain the NA; however, they do not result in a known tetherin
phenotype. These vesicular structures may represent an inter-
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nalization of the tetherin-restricted VLPs, and experiments are
under way to characterize these structures and determine if
tetherin plays a role in their formation. Endosomal internal-
ization of tetherin-inhibited HIV particles has been observed
previously (45).

It is quite peculiar that the critical sequence contributing to
NA budding contains a consensus late domain sequence. The
sequence, YPDV in Japan/57 NA and YPDT in WSN NA,
mimics a motif known to interact with the cellular proteins
ALIX and AP2 (51, 56). A key factor differentiating the NA
peptide sequence from all known late domain sequences is its
location in the extracellular matrix. This sequence lies on the
membrane-proximal side of the globular head domain of
the NA, and this localization would allow interaction with the
extracellular domains of other transmembrane proteins. In
spite of this difference, we are currently exploring a potential
role for the ALIX protein and other ESCRT family members
in NA-dependent budding. As mentioned previously, several
groups have demonstrated that influenza virus budding occurs
independently of the ESCRT machinery; however, the com-
plexities of functional redundancy suggest that the ESCRT
pathway requires more detailed exploration.
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ADDENDUM IN PROOF

While this article was in press, Tisoncik et al. (J. R. Tison-
cik, Y. Guo, K. Cordero, J. Yu, J. Wang, Y. Cao, L. Rong,
Virology 8:14, 2011) reported that a residue two amino acids
C-terminal to the YPD motif contributed to enhanced release of
pseudotype particles (containing the A/Goose/Qinghai/59/2005
[H5N1] HA and either the A/PR/8/34 strain NA or the A/chicken/
Henan/12/2004 [H5N1] strain NA).
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